The thermoelectric properties, including electrical resistivity ͑͒, Seebeck coefficient (S), and thermal conductivity ͑͒ on binary icosahedral Cd-Yb quasicrystals and Cd 6 Yb are investigated. The Cd-Yb quasicrystals have a room-temperature ͑RT͒ resistivity value of about 200 ͑⍀ cm͒, however, the temperature-dependent resistivity is sensitive to a small composition change in these compounds. For all studied samples, Seebeck coefficients are positive and small (ϳ10 V/K at RT͒. Upon cooling, S decreases quasilinearly, indicative of a metallic diffusion behavior, and then develops a broad phonon drag peak at around 40 K. The temperature characteristic of thermal conductivity of Cd-Yb quasicrystals shows a most peculiar feature in all measured thermoelectric properties. The RT value ϳ6 (W/m K) of Cd-Yb quasicrystals is considerably larger than that of conventional ternary counterparts. Such an observation is attributed to the substantial electrical contribution e (ϳ50%) to their total thermal conductivity, as deduced from the WiedemannFranz's law, and larger lattice thermal conductivity P due to less chemical disorder present in the binary Cd-Yb quasicrystalline structure. In addition decreases with decreasing temperature and shows a distinct maximum, a broad maximum, or a plateau at low temperatures, depending on the sample composition. The dimensionless thermoelectric figure of merit (ZT) for Cd-Yb quasicrystals is estimated to be small, on the order of 0.005 at RT.
I. INTRODUCTION
Quasicrystals are found to exhibit low thermal conductivity ͑͒, moderate electrical resistivity ͑͒, and relatively high absolute magnitude of Seebeck coefficient (S), which make them an appealing material for thermoelectric applications. 1 It is well known that the electrical conductivity and Seebeck coefficient of quasicrystals can change drastically with respect to a small variation of chemical composition and different heat treatments applied to the samples. There is general agreement that the observations regarding the behavior of the electrical conductivity and Seebeck coefficient are associated with the sharp change of electronic density of states ͑DOS͒ in the vicinity of Fermi energy E F . 2 Mahan and Sofo proposed that a sharp singularity in the DOS near E F would greatly enhance the thermoelectric performance of a material. 3 In fact, an advantage of quasicrystals is that the electrical conductivity and Seebeck coefficient can be modified by varying the composition or annealing condition of samples without sacrificing the low thermal conductivity exhibited in these materials. Indeed, recent theoretical studies suggest that high values of thermoelectric figure of merit, beyond the practical upper limit ZT ϭ (S 2 /) Tϭ1, may be expected for quasicrystalline alloys. In particular, it was suggested that the dodecagonal Ta-Te and icosahedral Cd-Yb binary phases are two promising candidates for further research. 4, 5 Such encouraging results have motivated intense experimental investigations on thermoelectric properties of various quasicrystalline systems. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] For example, the thermoelectric properties of Al 70.8 Pd2 0.9 Mn 8.3 icosahedral quasicrystal have been studied and a ZT value on the order of 0.1 at room temperature ͑RT͒ was found in this material. 6 The dodecagonal Ta-Te and icosahedral Cd-based phases are the only stable two-component quasicrystals discovered so far. Among these materials, the Cd-Yb phase is of interest due to the rare-earth element it contains. It was found that the resistivity of the Cd-Yb icosahedral phase decreases rapidly with decreasing temperature, and then levels off below 10 K. A giant magnetoresistance ͑200% at 9 T at helium temperature͒, large electronic specific-heat coefficient ␥ (2.87 mJ/mole K 2 ) and low Debye temperature ͑140 K͒ were also observed. 17 Furthermore, an order-disorder transition was found in Cd 6 Yb at about 110 K. 18 These anomalous transport behaviors of Cd-Yb quasicrystals indicate that a different transport mechanism, other than those proposed for ternary icosahedral phases, has to be considered. A recent photoemission spectroscopy study on Cd 5.7 Yb quasicrystal and Cd 6 Yb revealed a sharp Fermi edge and a marked spectral intensity decrease toward E F . 19 The latter indicates the presence of a pronounced dip near E F , in agreement with the theoretical prediction. 20 Most surprisingly, the positive temperature coefficient of the resistivity at low temperature disappears with only 0.1% Mg doping in the binary Cd-Yb quasicrystal, indicating the negative temperature coefficient of the resistivity usually found in ternary icosahedral quasicrystals is not a consequence of the intrinsic quasiperiodicity, but is due to partial chemical disorder in these compounds. 6 Yb, and have found that the ZT values of these Cd-Yb alloys are disappointingly small, on the order of 0.003 at 300 K. 16 With the aim to shed light on the possible thermoelectric applications and unusual physical properties in the binary icosahedral Cd-Yb quasicrystals, we present a systematic investigation of thermoelectric properties, including electrical resistivity ͑͒, Seebeck coefficient (S), and thermal conductivity ͑͒ on these materials. Four Cd-Yb quasicrystals with a resistivity ratio R ϭ 4.2 K / 300 K ranging from 0.24 to 1.10 and cubic Cd 6 Yb with Rϭ0.14 were studied. We found that all measured temperature-dependent thermoelectric properties show a strong variation with respect to a small composition change in these compounds. In particular, the thermal conductivity in these Cd-Yb alloys shows a distinct maximum, a broad maximum, or a plateau at low temperatures, depending on the sample composition. This is in contrast to that of the conventional ternary icosahedral quasicrystals, in which is usually insensitive to the chemical composition or different heat treatments of the samples. The dimensionless thermoelectric figure of merit ZT for Cd-Yb quasicrystals is estimated to be small, on the order of 0.005 at RT.
II. EXPERIMENT
For preparing ingots of Cd-Yb quasicrystals, constituent elements of Cd ͑99.999%͒ and Yb ͑99.98%͒ are first wrapped tightly with Ta foil and sealed in a quartz tube filled with pure argon gas. The mixture is melted at 650-720°C for 1-2 h and, as solidified ingots, was further subjected to different annealing treatments. 14 are illustrated in Fig. 1 . We found that all the prepared samples contained a small amount of Cd ͑a peak appearing at a scattering angle ϳ38.35°), as also observed by others. 22 For the Cd 85 Yb 15 sample, other unidentified phases were also detected. In the Cd 100Ϫx Yb x solid solution, we found that the icosahedral quasicrystals can be grown with xϭ15-17, and the bcc Cd 6 Yb crystals can be grown with xϭ14-15. It is clearly seen in Fig. 1 that the Cd 85 Yb 15 sample can be identified as an icosahedral quasicrystal, while the Cd 86 Yb 14 sample is a 1/1 cubic approximant. 23 It was reported that the Cd-Yb quasicrystalline phase is composed of the same cluster units as the Cd 6 Yb phase by recent positron lifetime measurements. 24 The actual sample compositions were then determined with an inductively coupled plasma mass spectrometer, as tabulated in Table I .
The resistivity data were obtained by a standard dc fourterminal method. The Seebeck coefficient and thermal conductivity were carried out simultaneously in a closed-cycle refrigerator over temperatures from 10 to 300 K, using a direct heat-pulse technique. Samples were cut to a rectangular parallelepiped shape of typical size of 1.5ϫ1.5 ϫ5.0 mm 3 , with one end glued ͑with thermal epoxy͒ to a copper block as a heat sink. A calibrated chip resistor ͑100 ⍀ at RT with size of 1.0ϫ0.5ϫ0.3 mm 3 ) served as a heat source and was glued to the other end. The temperature difference was measured by an E-type differential thermocouple with junctions thermally attached to two wellseparated positions along the sample. The temperature difference was controlled to be less than 1 K to minimize the heat radiation. During measurements, the sample space is maintained in a good vacuum ͑better than 10 Ϫ4 Torr). All experiments were performed on warming at a rate slower than 20 K/h. The reproducibility of S and measurements is better than 2%, while the absolute accuracy of is approximately 20%, due mainly to the error in determination of sample dimensions. The details of the measurement techniques can be found elsewhere. 25 ere observed in these samples. 
III. RESULTS AND DISCUSSIONS

A. Resistivity
In Fig. 2 , we show the temperature variation of electrical resistivity ͑͒ for Cd 100Ϫx Yb x quasicrystals and Cd 6 Yb, with nominal xϭ17, 16 ͑two samples͒, 15, and 14, from 4 to 300 K. The resistivity of Cd-Yb alloys is about 200 ͑⍀ cm͒ at RT for all samples, similar to that of ternary icosahedral ZnMgRE ͑REϭY, Tb, Ho, Er͒ quasicrystals, 7 but about an order of magnitude lower than the i-AlPdMn 10,27 and i-AlCuFe 28 families. On the other hand, the temperaturedependent resistivity strongly depends on the variation of Yb content. The resistivity ratio Rϭ 4.2 K / 300 K is found to range from 0.15 to 1.10, as listed in Table I . Notice that the temperature-dependent resistivity in Cd-Yb quasicrystals is found to level off below 10 K, as is clearly seen in Fig. 1 . Such peculiar behavior was also reported by other authors. 17 In addition, a sudden slope change in the resistivity at about 110 K was observed in Cd 86 Yb 14 ͓Fig. 1͑d͔͒, presumably attributed to an order-disorder phase transition in this material. 29 For the Cd 85 Yb 15 quasicrystal, the temperature coefficient of the resistivity is positive for the entire temperature range we investigated ͓Fig. 1͑c͔͒. The observed metallic character is in contrast to the semiconductor-like behavior usually seen in the ternary icosahedral quasicrystals. Such a large positive temperature dependence in resistivity (R ϭ0.24) has not been found in any other ternary i-phases. For i-Cd 83 Yb 17 ͓Fig. 1͑a͔͒, the resistivity is nearly temperature independent above 50 K, and exhibits a weak negative temperature coefficient above 100 K. As seen from the figure, (T) decreases sharply with reducing temperature below 50 K (Rϭ0.64). For Cd 84 Yb 16 #1 and #2 ͓Fig. 1͑b͔͒, the temperature coefficients of the resistivity are negative at high temperatures, and the temperature-dependent resistivities show broad maximums at about 100 and 40 K, respectively. The resistivity maximum was also observed at about 80 K in Cd 5.7 Yb quasicrystal, and such a feature was attributed to the weak localization and spin-orbit interaction, which results in a decrease in the resistivity at low temperatures. 9 Tamura et al. reported that the temperature coefficients of the resistivity are positive for the entire temperature range on Cd-Yb quasicrystals and Cd 6 Yb. The resistivity ratio R ϭ 4.2 K / 300 K is found to be less than unity ͑0.25-0.9͒ for all studied samples, in contrast to our observations for nominal Cd 84 Yb 16 samples, in which R is larger than unity. They also found that the variation of the resistivity is quite sensitive to the Yb concentration, and a smaller R is observed for Yb-rich compositions. 17 Most strikingly, it was recently reported by the same group that the positive temperature coefficient of the resistivity at low temperature disappears with only 0.1% Mg doping in the Cd-Yb quasicrystals, indicating the negative temperature coefficient of the resistivity usually found in ternary icosahedral quasicrystals is not a consequence of the intrinsic quasiperiodicity, but is due to partial chemical disorder in these compounds. 21 Our results seem to contradict such a scenario, since the temperature-dependent resistivity of Cd 84 Yb 16 #2 ͓Fig. 1͑b͔͒ is very similar to that of the Mg-doped Cd-Yb alloys shown in the Fig. 2 9 We argue that the possibility of the negative temperature coefficient of resistivity in the Cd-Yb quasicrystals due to the intrinsic quasiperiodicity cannot be ruled out at this moment. In addition, we found that pure quasicrystalline Cd-Yb alloys cannot be easily prepared. Thus, in view of the fact that the Cd 85 Yb 15 sample contains significant impurity phase, the observed positive temperature coefficient of resistivity may be attributed to the impurity effects rather than to the variation of Yb content.
B. Seebeck coefficient
The temperature-dependent Seebeck coefficients (S) of Cd-Yb quasicrystals are plotted in Fig. 3 . The Seebeck coefficients are positive for all samples in the temperature range we investigated, signifying that hole-type carriers dominate the heat transport in these materials. The value of S is relatively small, ϳ10 V/K at RT compared with the ternary icosahedral phases. The S data exhibit a quasilinear behavior with decreasing temperature, indicative of a diffusion-like thermopower in these materials, and then develops a broad phonon drag peak at around 40 K. The Cd 83 Yb 17 and two Cd 84 Yb 16 samples have a rather similar temperaturedependent Seebeck coefficient ͓Figs. 3͑a͒ and 3͑b͔͒. On the other hand, the Cd 85 Yb 15 sample has a smaller S value (ϳ6 V/K) at RT and exhibits a more pronounced phonon drag peak at low temperature, compared with other i-phase samples. Such a well-defined phonon drag peak was observed in Cd-Yb quasicrystals due to our high-quality data. For the Cd 86 Yb 14 sample ͓Fig. 3͑d͔͒, S also exhibits a clear phonon drag peak at about 40 K. However, no noticeable anomalous feature was observed at the order-disorder phase transition. Note that temperature-dependent Seebeck coefficients for i-CdYb and Cd 6 Yb are quite similar, even though they have very different long-range orders. Since the Seebeck coefficient is very sensitive to the band shape around the Fermi surface, the current observation indicates that the quasiperiodicity of the Cd-Yb alloys has a minor effect on their electronic structure.
In the high-temperature regime, the Seebeck coefficients show quasilinear behavior with temperature, indicative of metallic character. Thus, one can try to extract the value of E F through the classical formula Sϭ 2 k B 2 T/2eE F , assuming a one-band model with an energy-independent relaxation time. The values of E F between 0.76 eV (Cd 83 Yb 17 ) to 1.21 eV (Cd 86 Yb 14 ) for our Cd-Yb alloys were obtained from this simple model, as listed in Table I . Note that these values are in good agreement with that determined by low-temperature specific-heat measurement with E F ϭ 2 nk B 2 /2␥ϭ1.2 (eV), where ␥ is the electronic coefficient of specific heat. 9 It is worth mentioning that the temperature-dependent Seebeck coefficient in ternary i-phase quasicrystals is usually found to be a strong function of composition and annealing conditions of the sample, such as in the AlPdRe, AlPdMn, and AlCuFe systems. 12, 13, 15, 30 Compared with the ternary counterparts, the T-dependent S for binary i-phase Cd-Yb quasicrystals that we studied in this work show relatively weak dependence on sample composition and heat treatment.
C. Thermal conductivity
In Fig. 4 , we show the observed thermal conductivity ͑͒ for all studied samples. The temperature characteristic of thermal conductivity of Cd-Yb quasicrystals exhibits the most peculiar features in all measured thermoelectric properties. The RT value ϳ6 (W/m K) of Cd-Yb quasicrystals is considerably larger than that of conventional ternary quasicrystals. Furthermore, decreases with decreasing temperature and shows a pronounced maximum (Cd 85 Yb 15 ), a broad maximum (Cd 83 Yb 17 ), or a plateau (Cd 84 Yb 16 #2͒ at low temperatures, depending on the sample composition. Nevertheless, the Cd 84 Yb 16 #1 shows neither a maximum nor a plateau in the temperature range we investigated. The existence of the maximum in thermal conductivity can be understood by the generalized Umklapp processes in quasicrystals, 31 where the maximum could be suppressed by scattering from defects or impurities. The absence of lowtemperature thermal conductivity maxima in both Cd 84 Yb 16 samples is presumably intrinsic, since no apparent defects or impurities were detected by x-ray and mass spectrometer analyses on these samples. We notice that the (T) on Cd-Yb quasicrystals reported by Muro et al. is quite similar to our Cd 84 Yb 16 #1 sample, with no low-temperature thermal conductivity maximum. 16 For the Cd 86 Yb 14 sample ͓Fig. 4͑d͔͒, an obvious maximum near 30 K and a broad minimum around 120 K were observed.
Since the thermal conductivity of quasicrystals is expected to closely follow Wiedemann-Franz's law over a wide temperature range, 32 the electronic thermal conductivity is estimated by using e /TϭL 0 . Here, is the dc electrical resistivity, and the Lorentz number L 0 ϭ2.45 ϫ10 Ϫ8 W ⍀ K Ϫ2 . As illustrated in Fig. 4 , the solid lines represent calculated e for each sample. From this estimation, a substantial electrical thermal conductivity e (ϳ50%) to their total thermal conductivity in these materials is found, in contrast to the ternary i-phase quasicrystals, in which the lattice thermal conductivity is usually an order of magnitude larger than that of electrical thermal conductivity. 6, 13, 14 It is worth mentioning that even the lattice thermal conductivity alone for Cd-Yb quasicrystals is considerably larger than the observed , on the order of 1-3 ͑W/m K͒, for the ternary i-phase quasicrystals. The whole idea of using quasicrystals as thermoelectrics is to take advantage of their inherent low thermal conductivity, due to the increased phonon scattering with the presence of disorder, large unit cell size, and heavy ions in the crystal structure. The larger thermal conductivity observed in Cd-Yb quasicrystals is partly attributed to the substantial electronic contribution e as deduced from Wiedemann-Franz's law, and partly to the larger lattice thermal conductivity P owing to the binary Cd-Yb quasicrystals having a simpler quasicrystalline structure with less chemical disorder compared to the ternary i-phase counterparts. Note that the likeness of the temperature-dependent thermal conductivity between Cd-Yb quasicrystals and the crystallized Cd 6 Yb approximant seems to support such an explanation.
Another interesting feature of the thermal conductivity of these quasicrystals is the monotonic increase of the thermal conductivity with temperature above 100 K. The increase of thermal conductivity above approximately 100 K is a common feature for all quasicrystals, attributed to the activation of localized phonon states at high temperatures. Janot proposed a model taking into account the high energy and localized vibration modes with a hierarchical variablerange hopping mechanism. He suggested that the lattice thermal conductivity is expected to follow a power-law dependence; that is, L ϰT n , with nϭ1.5. 33 To examine the validity of this model to our samples, the data above 100 K were fitted by the expression ϭAϩBT n . These fits yield nϭ1.39Ϯ0. 8 From the thermoelectric properties presented earlier, we are in a position to estimate the thermoelectric performance for the Cd-Yb quasicrystals. In Fig. 5 , we illustrate the dimensionless figure of merit ͓ZTϭ (S 2 /) T͔ of all studied samples as a function of temperature. As shown in the figure, a low value of ZTϽ0.006 for the Cd-Yb quasicrystals is obtained. Such low ZT values for the Cd-Yb system are a consequence of their low Seebeck coefficient and high thermal conductivity, and not as expected from the theoretical considerations. 4, 5 Since the thermoelectric properties for the Cd-Yb quasicrystals show relatively weak dependence on the chemical composition or different heat treatments of the samples, and the quasicrystalline phases only exist in a rather narrow window of the Cd 100Ϫx Yb x solid solution, it does not seem possible for the Cd-Yb quasicrystals to undergo a drastic enhancement in their thermoelectric performance by adjusting the growth parameters.
IV. SUMMARY
In this article, we present a systematic investigation of thermoelectric properties on Cd-Yb quasicrystals and its approximant Cd 6 Yb, with various chemical compositions and different heat treatments of the samples. The Cd-Yb quasicrystals show a RT resistivity value of about 200 ͑⍀ cm͒ for all samples. The Seebeck coefficients S are small (ϳ10 V/K at RT͒ and positive, signifying that hole-type carriers dominate the heat transport in these materials. Upon cooling, the S decreases quasilinearly, indicative of a metallic diffusion Seebeck coefficient, and then develops a broad phonon drag peak at around 40 K. The RT value ϳ6 (W/m K) of Cd-Yb quasicrystals is considerably larger than that of conventional ternary counterparts. Such an observation is attributed to the substantial electrical contribution e to their total thermal conductivity as deduced from Wiedemann-Franz's law, and larger lattice thermal conductivity P due to less chemical disorder present in the binary Cd-Yb quasicrystalline structure. Furthermore, decreases with decreasing temperature and shows a distinct maximum, a broad maximum, or a plateau at low temperatures, depending on the sample composition. Such a striking composition dependence in the thermal conductivity is rather unusual among quasicrystalline systems. The dimensionless thermoelectric figure of merit (ZT) for Cd-Yb quasicrystals is estimated to be small, on the order of 0.005 at RT. Even though the low ZT value of the Cd-Yb quasicrystals makes this system unsuitable for practical use in thermoelectric applications, the peculiar transport properties they exhibit still warrants further investigation.
